Purpose: This study evaluated the validity of ergometer tests against the criterion of on-water rowing and determined the reliability of field measurements by comparing results between ergometer (ERG) and on-water (OW) tests. Methods: Seven male rowers completed incremental tests on a Concept2 rowing ergometer and in a single scull. Average power output, oxygen consumption (VO 2 ), heart rate (HR), blood lactate concentration (BLa) and distance completed were measured during each ERG and OW workload. Data treatment: Linear regression between power output and HR, BLa, VO 2 and distance allowed submaximal results to be compared between ERG and OW tests at equivalent intensities based on five standard power outputs. Submaximal results were analyzed using repeated measure factorial ANOVAs and maximal data used dependent t tests (P < .05), the magnitude of differences were also classified using effect size analyses. The reliability of repeated measurements was established using Typical Error. Results: Differences between ERG and OW submaximal results were not statistically significant for power output, HR, BLa, and VO 2 , but distance completed (P < .001) was higher during the ERG test. However, the magnitude of physiological response differences between the ERG and OW tests varied between individuals. Mean HR at anaerobic threshold showed good agreement between both tests (r = .81), but the standard error of the estimate was 9 beats per minute. Conclusions: Individual variation in physiological response differences between ERG and OW tests meant that training intensity recommendations from the ERG test were not applicable to on-water training for some rowers, but provided appropriate prescriptions for most athletes.
so that the heart rate (HR) corresponding to a blood lactate threshold can be used to prescribe individualized on-water training intensities. 1, 2 In recent years, it has been our experience that the intended transfer of data from laboratory-based tests to the field environment has not been used by many coaches because the relevance and specificity of the ergometer based testing has been challenged with regard to on-water rowing.
A variety of methods have previously been used to evaluate the specificity of ergometer rowing compared with the criterion of on-water performance. Kinematic analyses suggest that movement patterns differ between the two modes of rowing. 3, 4 Similarly, investigations addressing rowing mechanics show that handle force and acceleration profiles, 5 and stroke timing and consistency also differ. [6] [7] [8] However, Spearman rank order correlations between 2000-m ergometer time trials and competitive rowing are strong, and suggest an association between factors contributing to time trial performance under either condition. 9 Of the physiological variables considered in the literature, HR and blood lactate concentration (BLa) have been most commonly addressed. HR is generally reported to be higher on-water, 1, 10 although Steinacker et al 11 suggested that ergometer performance elicits a higher HR. Conversely, maximal BLa is higher during ergometer rowing. 1, 10 Maximal oxygen consumption (VO 2 max) has also been considered, with ergometer and on-water results agreeing to within 3%. 12 Given the potential for biomechanical differences between the two modes of rowing and the resulting variations in physiological responses, ergometer-based rowing tests may not be adequately representative of on-water rowing to accurately prescribe on-water training intensities. Thus, formalized on-water tests may improve the specificity of physiological assessments for rowing and improve the association between test results and the subsequent training recommendations.
While on-water rowing tests have been successfully conducted, 11, 13, 14 the dynamic nature of environmental conditions means that accurate and reliable testing on-water is problematic when attempting to standardize workloads within and between sessions. 11, 13 Wind direction, wind velocity and water conditions can potentially change during an effort and have a substantial impact on boat velocity. So, although rowing velocity is the key determinant of on-water performance, environmental influences mean it is virtually unusable as a means for standardizing on-water workloads. In addition, substantial variation in stroke rate (SR) between field and laboratory conditions 8, 11 limits the effectiveness of this parameter as an independent variable for controlling on-water exercise intensities. The best independent measure of work is the power output exerted by the rower to propel the boat in a forward direction. While on-water power output measurements were once only possible using custom-designed equipment, 5, 8 rowing biomechanics systems that measure on-water power output are now commercially available. In combination with field-based assessments of metabolic load using a portable indirect calorimetry system, measurements that were previously only available in the laboratory are now possible in the field, thereby allowing laboratory-based rowing test protocols to be replicated on-water. The aims of the current investigation were therefore to: a) evaluate the feasibility of an on-water rowing protocol based upon a standardized ergometer test; b) compare the physiological responses between on-water and ergometer tests to determine the validity of ergometer-derived exercise prescriptions; and c) establish the reliability of measures obtained in the field.
Methods

Subjects
Seven male heavyweight rowers (mean ± SD: age = 20.4 ± 2.0 y; mass = 91.4 ± 4.5 kg; VO 2 max = 5.40 ± 0.17 L·min −1 ) provided written informed consent to participate; all athletes were competing at a national level in the U23 or open categories. All procedures were approved by the Australian Institute of Sport Human Ethics Committee.
Experimental Protocol
Each rower completed two laboratory sessions and two on-water sessions. The on-water sessions were at Lake Burley Griffin (Canberra, Australia), which is a still-water lake with an 1800 m rowing course. As data were collected during two separate rowing camps several months apart, data sets from both occasions have been included in the analyses for one subject who attended both camps, thereby increasing the total number of experimental observations to n = 8. Testing was conducted under fair weather conditions during autumn and spring; mean ± SD temperatures were 20.1 ± 1.3°C and 16.4 ± 4.6°C during the laboratory and onwater sessions, respectively.
Two ergometer tests (ERG) were conducted to evaluate the reproducibility of laboratory measurements. One ERG trial used a Cortex MetaMax3B portable metabolic system (MM3B; Leipzig, Germany) to measure oxygen consumption (VO 2 ), and the other trial used a first-principles metabolic cart (AIS, Canberra, Australia); however, VO 2 data from the metabolic cart were not used for the current investigation. The MM3B was also used for duplicate on-water tests (OW). As an ERG test had to be completed first to determine specific workloads for the subsequent OW tests, the order of the ERG trials was counterbalanced so that half the participants completed their first trial using the MM3B for VO 2 measurements, and half using the metabolic cart. Thus, OW trials were also counterbalanced as comparisons between ERG and OW tests always used data from the ERG trial conducted with the MM3B. Thus, when ERG Trial 1 used the MM3B, betweenmodality comparisons paired all data from this trial with OW Trial 1; similarly, when ERG Trial 2 used the MM3B, ERG data were paired with OW Trial 2.
Laboratory Test Protocol. The incremental protocol consisted of 5 submaximal workloads and 1 maximal effort on a Concept2 Model D rowing ergometer (Morrisville, USA); each workload was 4 min in duration. As all rowers were heavyweight males, the Concept2 drag factor was standardized at 130. Submaximal workloads were controlled by target power outputs and increased 35 W each stage from 140 W to 280 W. Recovery periods were provided between workloads; the standard 1 min interval was extended to 2 min to match the time required during the OW protocol to collect bloods and maneuver the rower's boat. At the completion of the fifth workload a 5-min recovery was provided before the final 4-min maximal stage. VO 2 and HR (Polar S810i, Kempele, Finland) were monitored throughout each test. For all tests, mean VO 2 results were recorded from steady-state conditions achieved during the final 2 min of each ERG and OW workload. BLa (Lactate Pro, Arkray, Japan) was obtained from a capillary blood sample after each submaximal stage, immediately following the maximal stage and 4 min after the end of the maximal stage. Average power output, SR and distance completed were obtained from the ergometer work monitor unit, and a rating of perceived exertions (RPE; Borg 15-point scale 16 ) for the previous workload was ascertained during the 2-min recovery period.
On-Water Test Protocol. The on-water protocol was designed to replicate the laboratory test as closely as possible, so also comprised 5 × 4-min submaximal stages and 1 × 4-min maximal stage. A single scull (Sykes Racing, Geelong, Australia) was instrumented with a WEBA Sport Rower Expert Light biomechanics system (WEBA; Wien, Austria), which used gate sensors to determine the power output during each stage of the test. As rowing power output could not be displayed instantaneously, SR and RPE were used to control the workload progression. Rowers were instructed to increase SR by 2 strokes per minute (spm) each stage across a range of 14 to 24 spm, and a RPE intensity was prescribed for each stage that corresponded to the value obtained for the equivalent stage during the ERG test. Average SR and distance covered were obtained using a MiniMaxX (Catapult Innovations, Scoresby, Australia) GPS/accelerometer data acquisition system. Workloads were separated by 2-min recovery periods, during which a BLa sample was obtained and the rower turned the boat 180° in readiness for the next stage. VO 2 was measured continuously by the MM3B throughout the protocol; the MM3B also logged HR data from the Polar HR monitor. Rowers were again provided 5 min recovery before the maximal stage.
Blood Lactate Thresholds. Lactate thresholds were calculated from the BLapower output relationship established during the ERG and OW tests using third order polynomial regression. Lactate threshold 1 (LT 1 ; aerobic threshold) was defined as the point at which BLa increased 0.2 mmol⋅L −1 above baseline levels. Automated software (ADAPT; AIS, Canberra, Australia) determined lactate threshold 2 (LT 2 ; anaerobic threshold), which was defined as the point on the polynomial regression curve that yielded the maximum perpendicular distance to the straight line formed by joining LT 1 and peak BLa (modified Dmax). 17 HR, power output and VO 2 at LT 1 and LT 2 were subsequently determined using ADAPT.
Data Treatment
The raw mean power outputs during each stage of the ERG and OW tests were not identical ( Figure 1 ) because the OW submaximal workloads were controlled by the athlete attempting to match target SR and RPE values. Consequently, the resulting OW power outputs were different from the fixed target power outputs of the ERG test, and hence, the submaximal response variables (eg, HR) could not be directly compared between each stage of the ERG and OW tests. However, as each of the response variables were strongly related to power output during the ERG and OW tests (Table 1) , regression analyses were used to normalize the data so that comparisons between each stage of the ERG and OW tests used matched power outputs. The normalized power outputs corresponded to the target power outputs of the ERG tests: 140, 175, 210, 245 and 280 W; these were designated as "standard power outputs." Relationships between power outputs and selected response variables were established for each of the rowers based on individual submaximal results, and regression analyses used to calculate values for each of the measured variables at intensities corresponding to the standard power outputs. This normalization procedure was applied to the submaximal data from both the ERG and OW tests, to compare the effect of test modality at power outputs that were assumed to be equivalent. The normalization procedure was also used for both OW trials so that the between-trial reproducibility could be determined for each of the response variables based on equivalent power outputs. heart rate (HR) and C) oxygen consumption (VO 2 ) using untreated data that does not account for the differences in submaximal workloads between ergometer (ERG) and on-water (OW) incremental rowing tests. Error bars denote ± 1 SD.
Given the potential for differences between power output measurements from the Concept2 ergometer and the WEBA, the assumption of equivalent power output measurements from these two devices was also assessed. Concept2 and WEBA power outputs were therefore normalized using the power output-VO 2 relationship established from group results using raw submaximal data, thereby allowing power outputs to be compared between devices at equivalent VO 2 intensities. Linear regression was used to calculate Concept2 and WEBA power outputs corresponding to five VO 2 . VO 2 measurements were obtained using the MM3B system under ERG and OW conditions, and pilot testing with the MM3B had shown that VO 2 measurements were highly reliable; typical error (TE) 18 for submaximal VO 2 = 2.3%, 90% confidence interval (90% CI) = 1.9 to 3.0%. * Statistically significant correlation (P < .0001).
Note. SEE = standard error of estimate; HR = heart rate; BLa = blood lactate concentration; VO 2 = oxygen consumption measured by the MM3B; Distance = distance covered during each 4-min stage; SR = stroke rate.
Statistical Analyses
To validate the laboratory test against the criterion of on-water performance, lactate thresholds, and normalized physiological responses to the incremental tests at the standard power outputs, were compared according to test modality (ERG vs. OW). In addition, between-trial reproducibility (Trial 1 vs 2) was examined for the repeated ERG and OW tests. For both comparisons, submaximal data were analyzed using 2 (test) × 5 (stage) factorial ANOVAs with repeated measures on both dimensions (SPSS 15.0 for Windows; SPSS, Chicago, USA). Maximal data and lactate threshold results (ERG vs. OW comparison only) were compared using dependent t tests. Statistical significance was established at P < .05. The reproducibility of repeated measurements was determined using TE. 18 The effects of test modality and OW between-trial reproducibility were also analyzed to determine the likelihood that the true value of the observed Cohen effect statistic (based on the 90% CI) was trivial (<0.2), small (0.2), moderate (0.6), large (1.2), or very large (2.0). 19, 20 A clear effect size (ES) was established when the likelihood was ≥75% that the true value of the effect statistic was greater than one of the above thresholds (eg, small). As the analysis also considers the likely direction of an effect (either positive or negative), an ES was unclear when the likelihood was <75% for a positive ES and >5% for a negative ES, 20, 21 or vice versa. Magnitude-based differences are reported as the largest likely ES and associated percent probability (eg, small, 85%). The magnitude of between-individual variation in the physiological response differences between the ERG and OW tests was determined from the additional variance in the change scores from the matched ERG and OW tests (OW-ERG) compared with repeated ERG tests (Trial 2 to 1). Individual responses were calculated from the square root of the difference in the variances of the two change scores.
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Results
Comparison Between Laboratory and On-Water Tests
Power Output Measurements. Concept2 and WEBA power outputs corresponding to the reference submaximal VO 2 intensities of 2.75, 3.25, 3.75, 4.25 and 4.75 L·min −1 were within 1.8% based on the calculated ranges of 139 to 268 W (Concept2) and 136 to 263 W (WEBA). During maximal exercise, OW power output was 8.0% lower (P = .04; large ES, 77% probability) than during the ERG test (Table 2) .
Submaximal Performance. Results from the data treatment procedure using the standard power outputs of 140, 175, 210, 245 and 280 W are displayed in Figure 2 . The power normalized data showed strong correlations between the ERG and OW tests for HR (r = .93, P < .001), BLa (r = .84, P < .001), VO 2 (r = .91, P < .001) and distance completed (r = .95, P < .001). Despite OW trends for a lower HR (mean ± 90% CI, 2.1 ± 1.6%) and distance completed (18.5 ± 0.8%), and higher BLa (22.2 ± 9.6%) and VO 2 (2.8 ± 2.3%), relative to the ERG test, there were no statistically significant differences between test modalities, except for distance completed (P < .0001). The magnitude of between-modality differences were classified as very large (100% probability) for distance completed and small (93%) for BLa, but trivial for HR (71%) and VO 2 (80%). However, there was considerable individual variation Note. 90% CI = 90% confidence interval; ES = magnitude-based effect size and associated percent likelihood; P = probability resulting from a paired t test between ergometer and on-water data; HR = heart rate; BLa = blood lactate concentration; VO Table 2) . Magnitude-based differences ranged from trivial to very large (Table 2) , although results were unclear for BLa (small, 51%) and VO 2 (trivial, 49%).
Blood Lactate Thresholds. Because data treatment procedures were not specific to the determination of blood lactate thresholds, raw data were used for all calculations. Differences between the ERG and OW BLa-power output relationships ( Figure 2 ) resulted in mean LT 1 and LT 2 BLa thresholds that differed by 0.3 mmol⋅L −1 (P = .10; moderate ES, 82% probability) and 0.2 mmol⋅L −1 (P = .28; unclear small, 59%), respectively ( Table 3 ). The corresponding mean HR results from the ERG and OW tests were within 3 to 5 beats per minute (bpm). Pearson correlations and standard errors of the estimate (SEE) between ERG and OW results for the HR at LT 1 and LT 2 were r = .84 (P = .01), SEE = 12 bpm and r = .81 (P = .02), SEE = 9 bpm, respectively.
Reproducibility of On-Water Measurements
Submaximal Performance. HR (mean ± 90% CI, 2.1 ± 0.8%), BLa (21.4 ± 7.1%) and VO 2 (4.0 ± 1.5%) were all lower during Trial 2 than Trial 1 ( Figure  3) . However, only BLa was significantly lower (P = .04) during Trial 2, and the magnitude was small (96% probability). The between-trial differences for VO 2 and HR were small (75%) and trivial (87%), respectively. Table 4 shows that relative TE for the OW test ranged 2.5% (HR) to 19.2% (BLa), and was higher (less reliable) than the corresponding data from the ERG test, where TE ranged 0.1% (distance) to 11.0% (BLa).
Maximal Performance. Power output (mean ± 90% CI, 5.1 ± 4.1%), HR (0.7 ± 1.2%), BLa (1.1 ± 6.5%) and VO 2 (1.1 ± 2.4%) were all higher during Trial 2 than Trial 1, although only power output was significantly higher (P = .03; moderate ES, 89% probability). Otherwise, between-trial differences were nonsignificant and magnitude-based effects were unclear, although the most likely ES was small for BLa (40%) and VO 2 (60%), and trivial for HR (64%). Relative TE for the OW test ranged 1.2% (HR) to 12.5% (BLa), and was generally less reliable than the corresponding ERG measurements (Table 4) .
Discussion
The main finding of this investigation was that during submaximal exercise ergometer rowing and on-water sculling generated similar mean physiological responses for BLa, HR and VO 2 ; but during maximal exercise, power output, HR and distance completed were lower during on water rowing. Individual lactate thresholds usually showed reasonable agreement between the ergometer and on-water tests. However, the magnitude of between-individual variation in physiological responses, which were approximately twice the magnitude of the mean differences between ergom-eter and on-water tests, meant that training intensity recommendations from the ergometer test were not directly applicable to on-water training for some athletes.
Very few scientific publications have described a formalized incremental rowing protocol performed in the on-water environment. Of those which have, all adopted different protocols, and assessments have usually been limited to pairoared boats. 11, 13, 14 Intensity and stage progression have been controlled by either boat velocity 13 or SR. 11, 14 While both these methods ensure the desired progressive increase in intensity, they are also susceptible to the influence of environmental factors. This means that the physical effort of on-water rowing may not be standardized within and between trials, and comparisons between ergometer and on-water conditions are unlikely to be conducted at equivalent workloads. Our investigation used a combination of SR and RPE to prescribe OW intensity, but the workload resulting from each test stage was then quantified by power output measurements. Response variables (eg, HR and BLa) could then be normalized based on their relationship to power output. This ensured that submaximal results from repeated OW trials would be compared at identical power outputs, and that comparisons between ERG and OW results were based on power outputs that were within approximately 2%, based on the apparent difference between Concept2 and WEBA power measurements.
Comparison Between Laboratory and On-Water Tests
Our results showed small variations in physiological responses between ergometer and on-water rowing at submaximal intensities. Compared with the OW test, our mean submaximal results for HR were higher and the BLa lower during the ERG test, which is opposite to the differences most commonly reported previously.
1,10
Only Steinacker et al 11 have reported higher mean HR results during ergometer performance, and have suggested this may be due to the relatively greater movement of the rower's body mass during ergometer rowing compared with sculling; a factor which has also been highlighted during kinematic comparisons between the two modes of rowing. 3, 4 However, given the potential for between-individual variation in the submaximal physiological response differences between ergometer rowing and sculling, comparisons between mean results may not adequately reflect the magnitude and direction of individual physiological differences, as there does not appear to be a typical response. While the reasons for the apparent uncoupling between ergometer and on-water physiological responses are unclear, the individual nature of these differences suggests that between-athlete variation in sculling technique 11 may be equally influential on physiological response variations as the differences reported between the movement patterns of ergometer rowing and sculling. [6] [7] [8] Differences between movement patterns and between-individual variation in sculling technique may result in muscle coordination and recruitment differences between the conditions which mediate the observed variations in physiological responses. However, conclusions regarding the actual mechanisms responsible for the physiological differences are beyond the scope of this investigation.
During maximal exercise, physiological differences between the ERG and OW tests were classified as small. However, because maximal data were not normalized for power output, the physiological responses during the OW test were likely lower than the corresponding ERG results because mean OW power output was significantly lower during the maximal stage. As the difference between ERG and OW power outputs was relatively greater during maximal exercise compared with submaximal workloads (approx. 8% vs approx. 2%, respectively), subjects may have found it more difficult to express their true maximum during the OW test due to the relatively greater technical complexity of on-water sculling compared with ergometer rowing.
The mean BLa concentrations at the LT 1 and LT 2 blood lactate thresholds showed moderate and small differences, respectively, between the ERG and OW tests. Similarly, the corresponding mean HR results also displayed small differences (Table 3) . Previous studies have reported better agreement between HRs at blood lactate thresholds determined from ergometer and on-water tests, with mean HR results differing by no more than 2 bpm. 11, 13 However, comparisons based only on mean data assume that any physiological differences between ergometer and on-water rowing are uniform and consistent, and do not consider the potential for larger between-modality differences in individual results. Hence, when on-water rowing has been performed at the HR intensity prescribed by an ergometer test, actual on-water BLa concentrations have sometimes been different to the blood lactate threshold predicted by the ergometer test. 11, 14 Pearson correlations between HRs at blood lactate thresholds from ergometer and on-water tests provide a better indication of the agreement between individual results, and have ranged r = .70 to 0.84. 11, 14 However, our correlation between ERG and OW LT 2 HR of r = .81 had an SEE of 9 bpm, and a HR error of this size would result in an actual on-water BLa of 3.7 to 6.1 mmol⋅L −1 based on our mean LT 2 HR from the ERG test (Table 3) . So although mean lactate threshold results seem to suggest that on-water training can be adequately prescribed from the ERG test, individual variation in BLa-power output and HR-power output relationships suggests that on-water intensities may in fact be over-or underpredicted when using LT 1 and LT 2 HRs to prescribe on-water training intensity for individual athletes.
Reproducibility of On-Water Measurements
Only Payne et al 14 has considered the reliability of on-water measurements, reporting Pearson correlations and SEE for HRs corresponding to BLa concentrations of 2 mmol⋅L −1 (r = .76; SEE = 6.2 bpm) and 4 mmol⋅L −1 (R = .67; SEE = 5.9 bpm). It was therefore essential to establish the reliability of our OW test to determine whether the results might be sufficiently reproducible to allow longitudinal monitoring of athletes. TE was primarily used to evaluate the reproducibility of repeated OW measurements, although correlations between Trial 1 and Trial 2 results for HR, BLa and VO 2 were all ≥0.97 (Figure 3) . Test results were more reliable during maximal exercise where most TE results ranged approximately from 1% to 4%, this compared with a range of approximately 3% to 5% during the submaximal test stages. BLa results were considerably less reliable as relative TE was approximately 19% and 13% during submaximal and maximal exercise respectively. However, the corresponding results from the ERG protocol were nearly always more reliable than those from the OW test (Table 4) .
Practical Applications
Compared with the criterion of the OW test, laboratory testing over-represented LT 1 HR by 7 to 15 bpm for 5 of the 8 participants. Conversely, LT 1 HR was underrepresented for 2 of the 8 participants as a result of lower LT 1 BLa thresholds being determined from the ERG test. Thus, for these individuals, the LT 1 HRs prescribed by the ERG test would result in on-water training intensities that were too low compared with those provided by the OW test. LT 2 HRs were generally within 4 bpm between ERG and OW tests, although two subjects displayed threshold HRs that were >9 bpm higher during the ERG test. Differences between the LT 1 and LT 2 BLa thresholds determined during ergometer rowing and on-water sculling, and decoupling of the HR-BLa relationship, therefore mean that HR intensity recommendations derived from laboratory tests are not applicable to on-water training for all athletes. However, LT 2 BLa and HR results from most participants showed good agreement between ERG and OW tests, and for these individuals, training intensity prescriptions will be virtually identical regardless of whether the test is performed in the laboratory or on-water.
Although training intensity recommendations from ERG and OW tests do not necessarily differ, the physiological response variations between ergometer rowing and sculling could conceivably mean that the enhanced specificity of the OW test allows the field test to detect fitness adaptations that may not be identified by the ERG test. Further research evaluating the efficacy of longitudinal fitness monitoring using the OW test is therefore warranted to determine whether the reliability of the OW test is sufficient to effectively monitor fitness changes, and whether improved specificity benefits fitness monitoring.
Conclusion
The specificity of rowing testing was improved with an on-water incremental protocol that used commercially available equipment to enable field-based assessments that replicated laboratory-based ergometer tests. Individual lactate thresholds usually showed reasonable agreement between ERG and OW tests, but the magnitude of between-individual variation in physiological responses between ergometer rowing and on-water sculling meant that training intensity recommendations from the ERG test were not directly applicable to on-water training for some athletes. However, as the rowing test performed on the Concept2 ergometer provided appropriate training prescriptions for most athletes, and was more expedient and easier to perform than the on-water alternative, laboratory-based rowing tests are a suitable primary evaluation method. However, as the OW test ensured accurate training intensity recommendations for all athletes, the field test could be used as regular supplement to laboratory tests.
